Introduction {#S0001}
============

Acute pancreatitis (AP) is a severe inflammatory disease, manifesting as edema, hemorrhage and necrosis in exocrine pancreas. AP has broad manifestations and variable clinical processes ranging from mild to severe forms.[@CIT0001],[@CIT0002] The incidence rate of AP ranges from 4.9 to 73.4 per 100,000 people per year worldwide.[@CIT0003] Most cases of AP in developed countries are mainly attributable to gallstone disease and alcohol abuse.[@CIT0004]

Acute lung injury is a common AP-associated multiple organ dysfunction.[@CIT0005] AP-associated lung injury accounts for approximately 60--70% mortality in AP patients.[@CIT0006] The primary treatment for AP-associated lung injury is drug therapy. However, only a limited number of drugs are available, and the efficiency is not satisfactory. Therefore, the investigation of an effective therapeutic drug is critical for the treatment of AP-associated lung injury in the clinic.

Accumulating evidence shows that the overproduction of certain cytokines and the excessive release of inflammatory mediators may result in the respiratory complications of AP.[@CIT0007] Nuclear factor erythrocyte-2 associated factor-2 (Nrf2) is originally characterized as a master regulator of redox homeostasis, and it emerges as a critical transcriptional regulator affecting cellular redox status through activating endogenous antioxidant systems.[@CIT0008] With the discovery of novel target genes, it has been found that Nrf2 not only plays a key role in redox homeostasis, but also affects mitochondrial function, DNA repair,[@CIT0009] and inflammation.[@CIT0010],[@CIT0011]

Nucleotide-binding domain leucine-rich repeat family containing a pyrin domain 3 (NLRP3) inflammasome is essential for host immune defenses against exogenous infections.[@CIT0012] However, it has been linked to the pathogenesis of certain inflammatory disorders, including Alzheimer's disease,[@CIT0013] diabetes[@CIT0014] and autoinflammatory diseases.[@CIT0015] NLRP3 inflammasome has been demonstrated to mediate caspase-1 activation and the secretion of proinflammatory cytokines interleukin-1β (IL-1β) and IL-18.[@CIT0016] NLRP3 inflammasome-mediated caspase-1 activation results in a form of programmed cell death known as pyroptosis.[@CIT0017] Wu XB et al demonstrated that plasma-derived exosomes contribute to pancreatitis-associated lung injury by triggering NLRP3-dependent pyroptosis in alveolar macrophages.[@CIT0018]

Emodin (1,3,8-trihydroxy-6-methylindole) is a natural anthraquinone derivative extracted from many plants such as *rhubarb*,[@CIT0019] polygonum *cuspidatum*[@CIT0020] and *polygonum multiflorum*, with a wide spectrum of therapeutic functions, including anti-tumor, anti-inflammation, neuroprotection and immunosuppression.[@CIT0021]--[@CIT0024] Previous studies have confirmed that emodin alleviates acute pancreatitis.[@CIT0025],[@CIT0026] However, the potential therapeutic mechanism is not fully understood. In the present study, the functions and mechanisms for the effect of emodin against AP-associated lung injury on regulating the Nrf2/NLRP3 signaling pathway were investigated.

Materials and Methods {#S0002}
=====================

Reagents and Antibodies {#S0002-S2001}
-----------------------

Sodium taurocholate and emodin were purchased from Aladdin Regents (Shanghai, China). ML385 was purchased from MedChemExpress (New Jersey, USA). Dexamethasone (DEX) was purchased from Yucheng Kelong Veterinary Medicine (Shanxi, China). NLRP3 and ASC antibodies were purchased from ABclonal (Wuhan, China). IL-18, cleaved-caspase 1, IκBα, p65, Nrf2 and HO-1 antibodies were purchased from Proteintech (Illinois, USA). IL-1β and p-IκBα antibodies were purchased from Bioss (Beijing, China). p-p65 antibody was purchased from MultiSciences Biotech (Hangzhou, China). Histone H3 antibody was purchased from ABGENT (California, USA). β-actin antibody was purchased from Santa Cruz Biotechnology (California, USA). Goat anti-Rabbit IgG and Goat anti-Mouse IgG were purchased from Beyotime Biotechnology (Shanghai, China).

Animal Experiment {#S0002-S2002}
-----------------

All the experimental procedures in this study involving the use of live animals were approved by the Ethics Committee of Dalian Medical University and strictly adhered to the guidelines of the *Guide for the Care and Use of Laboratory Animals* published by the National Institutes of Health.

Male Sprague-Dawley rats (250--300 g) were fed with standard laboratory food and water for 1 week in a humidity-controlled room (45--55%) under a 12－h light: 12－h dark cycle at a temperature of 25 ± 1 °C. The rats were randomly divided into the following five groups: sham group, AP group, AP + Emodin group, AP + Emodin + ML385 group and AP + DEX group. All the rats were fasted overnight and anesthetized. Laparotomies were performed in the lower abdomen position under sterile conditions to expose the large papillary part of duodenum. Sodium taurocholate (5%, 1 mL/kg) was retrogradely injected into the biliary pancreatic duct with a 1 mL syringe at a constant rate (0.1 mL/min). Rats in the sham group were injected with the same amount of normal saline in the same way. Then, the abdominal walls of rats were carefully sutured. Rats were then treated as follows: Rats in the AP + Emodin group were administered with emodin (25 mg/kg) by gavage; Rats in the AP + Emodin + ML385 group were injected with ML385 (30 mg/kg) intraperitoneally, and then administered with emodin (25 mg/kg) orally 30 min later; Rats in the AP+DEX group were injected with dexamethasone (2 mg/kg) intraperitoneally; Rats in the group and AP groups were administered with an equal amount of emodin solvent. Animals were euthanized 6 hours after administration and samples were taken for subsequent testing.

Cell Culture, Transfection and Treatment {#S0002-S2003}
----------------------------------------

Rat alveolar epithelial cell line L2 cells were obtained from Procell Life Science & Technology (Wuhan, China) and cultured in Ham's F-12K medium (Procell) containing 10% fetal bovine serum (Sigma-Aldrich, Missouri, USA) in an incubator at 37 °C, 5% CO~2~.

For transfection experiments, L2 cells at a confluency of 70--80% were plated into 6-well plates the day before transfection. After the cells were cultured for 24 h, the medium was replaced with serum-free medium. Then, 100 pmol of siNrf2 pool or siNC (Santa Cruz Biotechnology, California, USA) was mixed with 8 µL of Lipofectamine 2000 (Invitrogen, California, USA) in 200µL Opti-MEM (GIBCO, California, USA) medium at room temperature for 20 min to allow complex formation. The transfection mixture was slowly added to each well and the cells were then cultured in an incubator at 37 °C, 5% CO~2~ for 48 h.

The cells were divided into six groups: control, LPS, LPS + Emodin, LPS + Emodin + ML385, LPS + Emodin + siNrf2, LPS + Emodin + siNC. Administered concentrations were 1 µg/mL for LPS, 1 µM for ML385, and 40 µM for emodin. ML385 was added 30 min later after emodin was added. The tests were carried out 24 h or 48 h later.

MTT Proliferation Assay {#S0002-S2004}
-----------------------

The medium was replaced with MTT mixture at a concentration of 0.5 mg/mL. The cells were incubated in an incubator at 37 °C, 5% CO~2~ for 4 h. Then, the supernatants were carefully aspirated. Each well was added with 100 μL of dimethyl sulfoxide (DMSO) and incubated for 10 min in the darkness. The optical density (OD) value was measured on a microplate reader (BIOTEK, Vermont, USA) at a wavelength of 570 nm.

Serum Amylase Detection {#S0002-S2005}
-----------------------

Serum amylase levels were detected using the Amylase Kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacture's instruction.

Enzyme-Linked Immunosorbent Assay (ELISA) {#S0002-S2006}
-----------------------------------------

The levels of tumor necrosis factor-α (TNF-α), IL-6 and IL-1β in the alveolar lavage fluid, cell culture supernatant and tissue samples were detected using corresponding ELISA kits (USCN Life Science, Wuhan, China) according to the kit instructions.

Myeloperoxidase Activity Detection {#S0002-S2007}
----------------------------------

Myeloperoxidase (MPO) activity was detected using kits from Nanjing Jiancheng Bioengineering Institute, following the manufacturer's instruction.

Hematoxylin & Eosin (H&E) Staining {#S0002-S2008}
----------------------------------

The samples were fixed in 4% paraformaldehyde for 24 h at 4 °C and dehydrated with a gradient of ethanol. The samples were then embedded in paraffin and sliced into 5-μm-thick sections. The sections were washed, rehydrated and stained with hematoxylin (Solarbio, Beijing, China) and eosin (Sangon Biotech, Shanghai, China) following the standard protocols. The staining was observed under a microscope (Olympus Corporation, Tokyo, Japan) and photographed at 200 × magnifications.

Immunohistochemical (IHC) Staining {#S0002-S2009}
----------------------------------

The paraffin sections were processed through routine dewaxing and hydration. Antigen retrieval was performed in sodium citrate buffer using a microwave and the non-specific antibody binding sites were blocked with 3% H~2~O~2~. Then, the sections were incubated with the corresponding primary antibody (1:200) at 4 °C overnight, and with HRP-labeled goat-anti-rabbit IgG (Thermo Fisher, Massachusetts, USA) for 1 h at 37 °C. The staining was visualized with DAB (Solarbio) and co-stained with hematoxylin. The sections were observed and photographed under a microscope (Olympus) at 400× magnifications.

Immunofluorescence Assay {#S0002-S2010}
------------------------

Paraffin sections were dewaxed and hydrated, and cell slides were fixed in 4% paraformaldehyde. The sections were incubated in 0.1% triton X-100 (Beyotime) for 30 min and in goat serum for 15 min. Then, the sections were incubated with Nrf2 antibody (1:200) at 4 °C overnight, and with Cy3-labeled goat-anti-rabbit IgG (1:200, Beyotime) at 37 °C for 1 h. DAPI (Beyotime) was added dropwise into the sections. The sections were then washed with phosphate buffered solution buffer and added with anti-fluorescence quencher (Solarbio) to slow down the fluorescence quenching speed. The staining was observed under a fluorescence microscope (Olympus) at 400× magnifications.

Quantitative Real-Time PCR {#S0002-S2011}
--------------------------

Total RNAs were extracted from the tissue and cell samples using TRIpure Reagent (Bio Teke Corporation, Beijing, China), and cDNAs were synthesized using Super M-MLV reverse transcriptase (BioTeke). The real-time PCR was performed according to the SYBR Green (Sigma) kit instructions on an ExicyclerTM 96 fluorescence quantitative assay system (Bioneer Corporation, Daejeon, Korea). The expression level of mRNA was quantitatively analyzed by the 2^−ΔΔCT^ method. The primer sequences are listed in [Table 1](#T0001){ref-type="table"}.Table 1Primer Sequences for qRT-PCRPrimerSequenceTNF-αF: GCCACCACGCTCTTCTGTCR: GCTACGGGCTTGTCACTCGIL-1βF: TTCAAATCTCACAGCAGCATR: CACGGGCAAGACATAGGTAGIL-6F: AACTCCATCTGCCCTTCAR: CTGTTGTGGGTGGTATCCTCNrf2F: TCTGACTCCGGCATTTCACTR: TGTTGGCTGTGCTTTAGGTCβ-actinF: GGAGATTACTGCCCTGGCTCCTAGCR: GGCCGGACTCATCGTACTCCTGCTT

Western Blot {#S0002-S2012}
------------

Total protein was extracted from tissue and cell samples using Cell Lysis Buffer for Western and IP (Beyotime) and nuclear protein was isolated using Nuclear and Cytoplasmic Protein Extraction Kit (Beyotime). The concentration of protein was quantified using BCA quantitative kit (Beyotime). Protein samples were loaded, subjected to sodium dodecyl sulfate (SDS)-Polyacrylamide gel electrophoresis (PAGE) and transferred to polyvinylidene fluoride (PVDF) membranes (Millipore, Massachusetts, USA). After being blocked by 5% skim milk for 1 h, the membranes were incubated with the primary antibody at 4 °C overnight. Then, the PVDF membranes were washed in TBST buffer and incubated with IgG-HRP secondary antibody (1:5000) for 45 min at 37 °C. Proteins were visualized with electrochemiluminescence substrate (Beyotime), and the grey value was analyzed by using Gel-Pro-Analyzer system (Media Cybernetics, Maryland, USA).

Statistical Analysis {#S0002-S2013}
--------------------

Statistical analyses were conducted using GraphPad Prism 8.0.2 (Version X; California, USA). Ordinary one-way analysis of variance (ANOVA) was conducted to evaluate the significance of the differences between the groups. Data were expressed as mean ± SD. P value \<0.05 were considered as statistically significant.

Results {#S0003}
=======

Emodin Attenuated Pancreatic and Pulmonary Damage in Rats with AP {#S0003-S2001}
-----------------------------------------------------------------

We first evaluated the effects of emodin on the pancreas of rats with AP. ML385, a specific NRF2 inhibitor, was used to block the transduction of Nrf2.[@CIT0027] Dexamethasone (DEX), a glucocorticoid broadly used in the treatment of AP,[@CIT0033] was used as a positive control. H&E staining of the pancreas showed that obvious focal necrotic area, lobular structure destruction, inflammatory cell infiltration and hemorrhage were observed in AP model rats, while emodin administration effectively attenuated pancreatic damage ([Figure 1A](#F0001){ref-type="fig"}). Meanwhile, elevated serum amylase level is a common diagnostic criterion for AP clinically.[@CIT0028] The serum amylase levels of rats in the AP group were significantly higher than that in the Sham group, while emodin administration significantly lowered the levels ([Figure 1C](#F0001){ref-type="fig"}). ML385 abolished the effect of emodin on pancreatic damage.Figure 1Emodin repaired pancreatic and lung injury in rats with AP. Male SD rats were injected with sodium taurocholate (1 mL/kg) into the pancreatic duct to establish the AP model. Rats were administered with ML385 (30 mg/kg), DEX (2 mg/kg) intraperitoneally or emodin by gavage (25 mg/kg) based on the grouped information. Rats were euthanized 6 hours after administration. Serum, pancreas and lungs were collected for experiments. (**A**) Representative images of H&E staining on pancreas and pancreatic inflammation scores of Sham group, AP group, AP+Emodin group, AP+Emodin+ML385 group and AP+DEX group. (**B**) Representative images of H&E staining on lung and lung inflammation scores of each group. (**C**) Serum amylase levels in each group of animals. (**D**) Lung dry/wet weight ratio of each group of animals. (**E**) Inflammatory cell counts of bronchoalveolar lavage fluid collected from rats of each group. (**F**) MPO activity in each group of animals. \*\*P \< 0.01, \*\*\*P \< 0.001 vs Sham; ^\#\#^P \< 0.01, ^\#\#\#^P \< 0.001 vs AP; ^Δ^P \< 0.05, ^ΔΔ^P \< 0.01, ^ΔΔΔ^P \< 0.001 vs AP+Emodin.

Next, we evaluated the effects of emodin on pulmonary injury. H&E staining results showed obvious edema, hyperemia and inflammatory cell infiltration in pulmonary interstitial tissues of rats in the AP group, with a significantly increased inflammation score. Emodin effectively alleviated the pathological damage ([Figure 1B](#F0001){ref-type="fig"}). In addition, the magnitude of pulmonary edema was quantified by lung wet/dry weight ratio. A statistically significant difference was shown in the lung wet/dry ratio of rats in the AP group compared with the Sham group, while emodin obviously alleviated pulmonary enema ([Figure 1D](#F0001){ref-type="fig"}). Moreover, the count of inflammatory cells was reduced and the activity of MPO was inhibited greatly after emodin administration ([Figure 1E](#F0001){ref-type="fig"} and [F](#F0001){ref-type="fig"}). Similarly, ML385 reversed the effect of emodin on pulmonary damage.

Emodin Inhibited Pulmonary Inflammation of AP Model Rats {#S0003-S2002}
--------------------------------------------------------

As shown in [Figure 2A](#F0002){ref-type="fig"}--[C](#F0002){ref-type="fig"}, ﻿the expressions of pro-inflammatory cytokines TNF-α, IL-1β and IL-6 in the alveolar lavage fluid and in the lung of rats in the AP group were significantly promoted compared with the Sham group. Emodin administration reduced the secretion of these cytokines. Besides, the results of Western Blot ([Figure 2D](#F0002){ref-type="fig"} and [E](#F0002){ref-type="fig"}) showed an increased expression of p-IκBα and p-p65, while emodin administration inhibited the phosphorylation of IκBα and p65. Consistently, ML385 reversed the effect of emodin on pulmonary inflammation.Figure 2Emodin inhibited pulmonary inflammation in rats with AP. (**A**) The levels of TNF-α, IL-1β and IL-6 in bronchoalveolar lavage fluid of each group detected by ELISA analysis. (**B**) The levels of TNF-α, IL-1β and IL-6 in lungs detected by ELISA analysis. (**C**) Relative expression levels of TNF-α, IL-1β and IL-6 mRNA in lungs analyzed by real-time PCR. (**D**) Western Blot analysis of IκBα, p-IκBα^ser32/36^ expression in the lung of each group and corresponding grayscale statistics. (**E**) Western Blot analysis of p65 expression in nucleus and p-p65^Ser536^ expression in cytoplasm of each group and corresponding grayscale statistics. \*\*\*P \< 0.001 vs Sham; ^\#\#^P \< 0.01, ^\#\#\#^P \< 0.001 vs AP; ^Δ^P \< 0.05, ^ΔΔ^P \< 0.01, ^ΔΔΔ^P \< 0.001 vs AP+Emodin.

Emodin Inhibited NLRP3 Inflammasome Activation {#S0003-S2003}
----------------------------------------------

It is well known that NLRP3 combines with ASC and caspase-1 to constitute NLRP3 inflammasome, which induces inflammatory by activating and production of IL-1β and IL-18.[@CIT0029] As detected by immunohistochemistry and Western Blot, the expressions of NLRP3, ASC, cleaved-caspase-1, IL-18 and IL-1β were significantly increased of rats in the AP group, while emodin significantly decreased the levels of these factors. Similarly, ML385 abolished the effect of emodin ([Figure 3](#F0003){ref-type="fig"}).Figure 3Emodin inhibited NLRP3 inflammasome activation in rats with AP. (**A**) Immunohistochemical staining of NLRP3 and ASC in lung of each group. (**B**) Western blot analysis of NLRP3, ASC, cleaved-caspase-1, IL-18 and IL-1β expression in lung of each group and corresponding grayscale statistics. \*\*\*P \< 0.001 vs Sham; ^\#\#\#^P \< 0.001 vs AP; ^Δ^P \< 0.05, ^ΔΔ^P \< 0.01, ^ΔΔΔ^P \< 0.001 vs AP+Emodin.

Emodin Activated the Nrf2/HO-1 Pathway in vivo {#S0003-S2004}
----------------------------------------------

The dysregulation of Nrf2/HO-1 pathway accounts for a critical cause for developing AP.[@CIT0030] As shown by immunofluorescence staining and Western Blot, emodin administration promoted Nrf2 nuclear translocation and upregulated HO-1 expression, while ML385 reversed the effect of emodin on Nrf2/HO-1 signaling pathway ([Figure 4](#F0004){ref-type="fig"}).Figure 4Emodin activated the Nrf2/HO-1 pathway in vivo. (**A**) Nrf2 nuclear translocation in lung detected by immunofluorescence of Sham group, AP group, AP+Emodin group, AP+Emodin+ML385 group and AP+DEX group. (**B**) Western Blot analysis of Nrf2 expression in cytoplasm and nucleus of each group and corresponding grayscale statistics. (**C**) Western Blot analysis of HO-1 expression in the lung of each group and corresponding grayscale statistics. n = 6. \*\*\*P \< 0.001 vs Sham; ^\#^P \< 0.05, ^\#\#\#^P \< 0.001 vs AP; ^Δ^P \< 0.05, ^ΔΔ^P \< 0.01 vs AP+Emodin.

Emodin Inhibited Alveolar Epithelial Cell Proliferation by Activating Nrf2 {#S0003-S2005}
--------------------------------------------------------------------------

To further determine the mechanism of the therapeutic effect of emodin on AP-associated lung injury, we established an inflammatory cell model in vitro. As shown in [Figure 5A](#F0005){ref-type="fig"} and [B](#F0005){ref-type="fig"}, a Nrf2-knockdown cell model was successfully established. MTT assay ([Figure 5C](#F0005){ref-type="fig"}) showed that emodin at a concentration of 40 μg/mL significantly inhibited the proliferation of inflammatory cells. Knockdown of Nrf2 reversed the ability of emodin in inflammatory cell proliferation ([Figure 5D](#F0005){ref-type="fig"}).Figure 5Emodin inhibited alveolar epithelial L2 cell proliferation by activating Nrf2. Rat alveolar epithelial L2 cells were transfected with siNrf2 pool or siNC for 48 h to establish Nrf2 knockdown cell model. qRT-PCR assay and Western Blot analysis were used to detect transfection efficiency. (**A**) qRT-PCR detection of Nrf2 mRNA expression in control group, siNC group and siNrf2 pool group. (**B**) Western Blot analysis of Nrf2 expression in the cytoplasm of each group and corresponding grayscale statistics. \*\*\*P \< 0.001 vs control; ^\#\#\#^P \< 0.001 vs siNC. (**C**) LPS (1 μg/mL) was added to the L2 cells to establish alveolar epithelial inflammatory model. Gradient concentrations of emodin (10 μg/mL, 20 μg/mL and 40 μg/mL) were treated with the cells for 12 h, 24 h, 48 h and 72 h. MTT assay was used to detect cell viability at a wavelength of 570 nm. \*P \< 0.05 vs control; ^\#^P \< 0.05 vs LPS. (**D**) LPS (1 μg/mL) was added to the normal or transfected L2 cells. Emodin (40 μg/mL) or ML385 (1 μM) were treated with the cells for 12 h, 24 h, 48 h and 72 h. MTT assay was used to detect cell viability at a wavelength of 570 nm. \*P \< 0.05 vs LPS+Emodin; ^\#^P \< 0.05 vs LPS+Emodin+siNrf2 pool.

Emodin Inhibited NLRP3 Inflammasome Activation of Alveolar Epithelial Cells {#S0003-S2006}
---------------------------------------------------------------------------

Results of Western Blot ([Figure 6A](#F0006){ref-type="fig"}) showed that the expressions of NLRP3, ASC, cleaved-caspase-1, IL-18 and IL-1β in LPS-treated alveolar epithelial cells were significantly up-regulated, while down-regulated after emodin intervention. Real-time PCR ([Figure 6B](#F0006){ref-type="fig"}) and ELISA ([Figure 6C](#F0006){ref-type="fig"}) results indicated that emodin decreased the expressions of TNF-α, IL-1β and IL-6. Moreover, results of Western Blot showed that emodin decreased the expressions of p-IκBα and p-p65 ([Figure 6D](#F0006){ref-type="fig"} and [E](#F0006){ref-type="fig"}). Both ML385 and Nrf2 siRNA abolished the effect of emodin.Figure 6Emodin inhibited inflammation in alveolar epithelial L2 cells by activating Nrf2. LPS (1 μg/mL) was added to the normal or transfected L2 cells to establish alveolar epithelial inflammatory model. Emodin (40 μg/mL) or ML385 (1 μM) were treated with the cells for 24 h. (**A**) Western Blot analysis and corresponding grayscale statistics of NLRP3, ASC, cleaved-caspase-1, IL-18 and IL-1β expression of control group, LPS group, LPS+Emodin group, LPS+Emodin+ML385 group, LPS+Emodin+siNrf2 pool group and LPS+Emodin+siNC group. (**B**) The levels of TNF-α, IL-1β and IL-6 in cell supernatants of each group detected by ELISA analysis. (**C**) Relative expression levels of TNF-α, IL-1β and IL-6 mRNA in L2 cells of each group analyzed by qRT-PCR. (**D**) Western Blot analysis of IκBα, p-IκBα^ser32/36^ expression in L2 cells of each group and corresponding grayscale statistics. (**E**) Western Blot analysis of p65 expression in nucleus and p-p65^Ser536^ expression in the cytoplasm of each group and corresponding grayscale statistics. \*\*\*P \< 0.001 vs control; ^\#\#\#^P \< 0.001 vs LPS; ^Δ^P \< 0.05, ^ΔΔ^P \< 0.01, ^ΔΔΔ^P \< 0.001 vs LPS+Emodin.Figure 7Emodin activated the Nrf2/HO-1 pathway in vitro (**A**) Nrf2 nuclear translocation in L2 cells detected by immunofluorescence of control group, LPS group, LPS+Emodin group, LPS+Emodin+ML385 group, LPS+Emodin+siNrf2 pool group and LPS+Emodin+siNC group. (**B**) Western Blot analysis of Nrf2 expression in cytoplasm and nucleus of each group and corresponding grayscale statistics. (**C**) Western Blot analysis of HO-1 expression in L2 cells of each group and corresponding grayscale statistics. \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001 vs control; ^\#^P \< 0.05, ^\#\#^P \< 0.01, ^\#\#\#^P \< 0.001 vs LPS; ^Δ^P \< 0.05, ^ΔΔ^P \< 0.01, ^ΔΔΔ^P \< 0.001 vs LPS+Emodin.

Emodin Activated the Nrf2/HO-1 Pathway in vitro {#S0003-S2007}
-----------------------------------------------

As shown by immunofluorescence staining and Western Blot, emodin treatment promoted Nrf2 nuclear translocation and upregulated HO-1 expression. Conversely, either ML385 or Nrf2 siRNA reversed the effect of emodin on Nrf2/HO-1 pathway ([Figure 7](#F0007){ref-type="fig"}).

Discussion {#S0004}
==========

Studies have demonstrated that emodin is a potential candidate in the treatment of AP-associated lung injury,[@CIT0031],[@CIT0032] but the underlying mechanisms by which emodin performs its pharmacological activities remain incompletely known. The present study investigated the effect of emodin on Nrf2/NLRP3 signaling pathway in AP-associated lung injury.

In this study, a rat model of AP was successfully established by injecting with sodium taurocholate into the pancreatic duct and obvious lung injury was developed. The proinflammatory cytokines TNF-α, IL-1β, and IL-6 are well known as pivotal promoters for initiating lung injury. TNF-α and IL-6 are able to recruit leukocytes into lung tissues, while IL-1β is able to accelerate the lung damage process by inducing monocytes and macrophages.[@CIT0033],[@CIT0034] Moreover, MPO, a heme protein that is rich in neutrophils, is a marker widely linked with neutrophil infiltration.[@CIT0035] Our data demonstrated that emodin significantly lowered the expressions of these proinflammatory cytokines or the abundance of neutrophils, indicating that emodin greatly suppressed pulmonary inflammation. In addition, inhibition of the IκBα/NF-κB pathway also appears to be critically involved in acute lung injury.[@CIT0036] Our data showed that emodin treatment inhibited the activation of NF-κB and promoted the degradation of IκBα.

The NLRP3 inflammasome is a multiprotein cytosolic complex containing NLR proteins and adaptor protein ASC (apoptotic speck-like protein containing a caspase recruitment domain). The NLRP3 inflammasome is a vital component of the innate immune system, which can mediate caspase-1 activation and promote the secretion of proinflammatory cytokines IL-1β and IL-18, as in response to the exogenous infection or cellular damage. Our data demonstrated that emodin administration significantly decreased the expressions of NLRP3, ASC, cleaved caspase-1, IL-1β and IL-18. Intriguingly, pyroptosis, which mainly depends on caspase-1 activation, is known to be closely associated with acute lung injury, leading to the concomitant release of pro-inflammatory cytokines, including IL-1β and IL-18.[@CIT0037] A previous study demonstrated that the plasma-derived exosomes may contribute to pancreatitis-associated lung injury in alveolar macrophages by triggering NLRP3-dependent pyroptosis.[@CIT0018] Since emodin showed an inhibitory effect in the activation of NLRP3 inflammasome, it is very promising that emodin may exert its protective effects against AP-associated lung injury by inhibiting pyroptosis, which needs more persuasive evidence to prove.

To further explore the upstream regulators of NLRP3 inflammasome, we focus on Nrf2, a regulator of cellular redox balance, which has emerged as an important therapeutic target for various diseases. In a cerebral ischemia reperfusion injury model, Nrf2 was found to inhibit NLRP3 inflammasome activation through regulating Trx1/TXNIP complex.[@CIT0038] Moreover, Nrf2/ARE pathway was found to inhibit ROS-induced NLRP3 inflammasome activation in BV2 cells.[@CIT0039] However, whether emodin affects Nrf2 signaling in AP remains unknown. In this study, we hypothesized that emodin inhibited NLRP3 inflammasome activation via Nrf2 signaling. To further confirm this hypothesis, we used Nrf2 siRNA pool and ML385 to block the expression of Nrf2. ML385 has been confirmed to regulate the activity of the Nrf2 transcription factor by binding to Neh1, a CNC-bZIP domain that allows heterodimerization of Nrf2 with a small Maf protein, thereby blocking Nrf2 transcriptional activity.[@CIT0027] Our results showed that ML385 reversed the therapeutic effect of emodin on pancreatic and pulmonary injury and inflammation. Both Nrf2 siRNA and ML385 could reverse the effect of emodin on NLRP3 inflammasome activation. The results indicated that emodin exerted its protective effects against AP-induced lung injury by inhibiting NLRP3 inflammasome activation, which is specifically activated by Nrf2/HO-1 pathway.

In summary, this study presented a view that emodin protected against AP-associated lung injury by inhibiting NLRP3 inflammasome activation, which was mediated in part by Nrf2/HO-1 pathway. However, some limitations exist. The direct effect of emodin on pulmonary inflammation has not been confirmed, and the roles of other pulmonary functional cells have not been explored. Certainly, more work should be performed to clarify the detailed mechanisms.

Conclusion {#S0005}
==========

Emodin treatment protects rats against AP-associated lung injury by inhibiting NLRP3 inflammasome activation via Nrf2/HO-1 signaling pathway. Nrf2 may become a potential therapeutic target for using emodin to treat AP-induced lung injury.
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